proteins are recruited to the locus for robust and flexible kinetochore assembly before mitotic entry (3) (4) . In vertebrates, every single kinetochore contains more than a hundred proteins, which can be divided into couples of subcomplexes. Among them, two important structural subunits are the constitutive centromere-associated network (CCAN) 3 and the KNL1, Mis12, and Ndc80 complex (5) .
The CCAN contains 16 structural proteins that assemble into five functional complexes: CENP-C, CENP-L/N, CENP-H/ I/K/M, CENP-O/P/Q/R/U, and CENP-T/W/S/X (6 -15). However, the spatiotemporal assembly pattern of these complexes and the underlying regulatory mechanisms are largely uncharacterized.
CENP-T as a basic CCAN element was first observed in the CENP-A nucleosome-associated complex, which also includes CENP-M, CENP-N, CENP-U, CENP-C, and CENP-H (16) . Importantly, previous results have demonstrated that CENP-M, CENP-N, and CENP-T are required for CENP-A nucleosome-associated complex assembly at the centromere (17) (18) (19) (20) . In addition, several lines of evidence demonstrated that the CENP-T/W/S/X complex forms a nucleosome-like structure and may coordinate with the CENP-A nucleosome in building chromosome architecture and maintaining the stability of the genome (21) (22) (23) . Recent biochemical and structural characterization indicated that the CENP-T/W complex binds to DNA in a sequence-independent manner by its histone fold domains (24 -27) . The N-terminal CENP-T has been postulated to serve as a structural platform to interact with the NDC80 complex in a CDK1-regulated fashion (28, 29) . More recently, biophotonic study illustrated a temporal profile of CENP-T/W/S/X assembly onto the centromere during S and G 2 phases, suggesting that CENP-T exhibits a temporal loading pattern distinct from that of CENP-A. However, the mechanism underlying CENP-T recruitment to the centromere is still unclear.
Several elegant studies have demonstrated that HJURP is a unique chaperone for CENP-A deposition to the centromere during early G 1 phase (30 -33) . In addition, the highly conserved scm3 domain of HJURP is required for stabilizing the CENP-A-H4 complex and depositing CENP-A (34 -39) . Our previous work demonstrated that Mis18␤ binds and specifies the localization of HJURP to the centromere, which is negatively regulated by CDK1 activity (40) .
HJURP contains a DNA-binding domain and a dimerization domain, and both domains are required for CENP-A deposition (41) (42) (43) . Interestingly, both subcellular fractionation studies and previous immunofluorescence observations indicate that HJURP remains in the nucleus after G 1 phase, when nascent CENP-A assembly has completed. We were curious about the function of HJURP in S/G 2 phase and whether HJURP has a context-dependent function during mitosis.
In this study, we report that HJURP is a novel loading factor responsible for histone fold protein CENP-T assembly to the centromere during G 2 phase. A minimal domain of HJURP was mapped to residues 527-532, which are required for its direct interaction with CENP-T and responsible for recruitment of CENP-T to the centromere. Mutation of this domain generated a HJURP binding-deficient mutant, CENP-T 6L , which failed to localize at the centromere. Importantly, overexpression of the HJURP binding-defective mutant CENP-T 6L promoted chromosome instability, as judged by aberrant segregation of chromosomes 15 and 18 (44, 45) . Our study proposes that HJURP orchestrates the centromeric assembly of CENP-A and CENP-T in a temporally controlled manner.
Results

HJURP interacts with CENP-T and specifies its centromere localization
Our trial experiments suggest that HJURP forms a complex with CENP-A, which also contains a proportion of CENP-T (40) . To directly assess whether HJURP interacts with and regulates CENP-T distribution at centromeres, we carried out an immunoprecipitation experiment using thymidine-synchronized cells from G 1 /S and G 2 , respectively. The synchronized cells were confirmed using Western blot analyses of proliferating cell nuclear antigen (G 1 /S; Fig. 1A, lanes 1 and 2) and Aurora B (G 2 ; Fig. 1A, lanes 3 and 4) . Examination of the temporal pattern of the aforementioned interactions using synchronized cells demonstrated that HJURP association with CENP-T was first detected at early G 1 phase (Fig. 1A, lane 6) , and the amount of CENP-T association with HJURP reached a peak at early mitosis (Fig. 1A, lane 8) . To determine the subcellular distribution of CENP-A and CENP-T relative to HJURP in G 1 /S phase, we carried out a subcellular fractionation experiment in which nuclear and cytosolic fractions were collected for Western blot analyses. As shown in Fig. S1A , CENP-A is mainly located in the nuclear fraction, whereas the majority of HJURP and CENP-T is distributed in the cytosolic fraction. Next, we performed quantitative immunofluorescence analyses and measured the subcellular distribution profile of CENP-T (Fig. S1B) . The distribution of CENP-T in the nucleus in G 1 /S phase cells prompted us to examine whether CENP-T interacts directly with HJURP. To this end, we employed GST-HJURP as an affinity matrix to isolate MBP-CENP-T from solution. Western blot analyses of MBP confirmed that CENP-T physically binds to HJURP (Fig. 1B, lane 6) .
To assess whether HJURP plays a role in the CENP-T loading process, aliquots of HeLa cells were transfected with CRISPR knockout (KO) plasmids to suppress the expression of HJURP. As shown in Fig. S1C , this CRISPR-mediated KO resulted in Ͼ90% suppression (Fig. S1C) . We next examined whether depletion of HJURP interferes with the localization of CENP-T to the centromere. Because KO plasmids fused with the GFP reporter, green fluorescence provided a positive readout for transfection. Using immunofluorescence analyses, we found that GFP-positive cells contain virtually no HJURP expression (Fig. S1D) . Our statistical analyses confirmed that more than 90% of HJURP was suppressed by CRISPR-mediated KO (Fig.  S1E) . Given the efficient suppression of HJURP using CRISPRmediated KO, we next examined whether suppression of HJURP altered the localization of CENP-T to the centromere. As shown in Fig. 1D , suppression of HJURP abolished the localization of CENP-A to the centromere, which is consistent with earlier reports (37) (38) (39) (40) . Quantitation of relative intensity (CENP-A/ACA) showed that the level of CENP-A at the centromere was reduced to 25% Ϯ 3% of the control (Fig. 1E , p Ͻ 0.01). As shown in Fig. 1F , suppression of HJURP also abolished the centromere localization of CENP-T. Quantitative analyses of relative intensity (CENP-T/ACA) in HJURP-depleted cells showed that the level of CENP-T at the centromere was reduced to 37% Ϯ 5% of the control (Fig. 1G , p Ͻ 0.01). These data demonstrate that HJURP is required for stable localization of both CENP-A and CENP-T to the centromere.
HJURP co-localizes with CENP-T from G 1 to G 2 phase HJURP is critical for loading CENP-A to the centromere. The requirement of HJURP for stable CENP-T localization to the centromere prompted us to determine whether HJURP is a loading factor for CENP-T. To this end, aliquots of synchronized HeLa cells were fixed and immunocytochemically stained for ACA, Aurora B and HJURP, or CENP-T. Quantitative analyses of relative intensity (HJURP/ACA) showed that the intensity of HJURP at the centromere increases from early G 1 to G 2 phase (Fig. 2, A and B ; p Ͻ 0.05). Interestingly, quantification of relative intensity (CENP-T/ACA) demonstrated that the intensity of total CENP-A at total centromere CENP-T was also increased from G 1 to G 2 phase (p Ͻ 0.05). However, the intensity level of CENP-A at the centromere showed no significant change from G 1 to G 2 phase (Fig. 2 , E and F; p Ͼ 0.05). In contrast, the total protein level of CENP-T increased from G 1 to G 2 phase (Fig. S2A) , which is consistent with quench-chasepulse assays reported previously (46, 47) . To compare the spatiotemporal pattern of CENP-A with that of CENP-T, we carried out another set of immunofluorescence staining of CENP-T and HJURP (Fig. 2G ). As shown in Fig. 2H , quantitative analyses of the relative intensity of CENP-T and HJURP from three separate experiments demonstrated that centromere-associated CENP-T and HJURP are stable from S to G 2 phase, with a slight reduction. Thus, we conclude that CENP-T is recruited to centromeres by HJURP in S/G 2 phase of the cell division cycle.
CENP-T deposition in the cell division cycle CENP-T physically binds to C-terminal HJURP
The function of HJURP is conserved from yeast to humans, and the scm3 domain of HJURP is required for direct physical interaction with CENP-A (39, 48) . To delineate the structurefunction relationship of the HJURP-CENP-T interaction, we next pinpointed the precise region involved in the HJURP-CENP-T interaction. To this end, we designed and generated three truncations of HJURP: GST-HJURP , GST-HJURP , and GST-HJURP (Fig. 3A) . GST-tagged HJURP proteins (full-length and deletion mutants) were purified and used as an affinity matrix to absorb MBP-CENP-T. As shown in Fig. 3B, lanes 1, 5, and 6 , both full-length and C-terminal HJURP brought down MBP-CENP-T, whereas other regions of HJURP exhibited no detectable binding activity on CENP-T. To examine whether the C-terminal HJURP also interacts with CENP-T in cells, full-length and three deletion mutants of HJURP were tagged with an ectopic chromosome locus (Lac-I) in U2OS cells (Fig. 3C) , as established previously (e.g., Ref. 17) . As shown in Fig. 3D , overexpressed Lac-I-HJURP 401-748 exhibits the highest co-localization efficiency with GFP-CENP-T and weak localization at the centromere because of competition pressure from endogenous CENP-T (bottom panel, inset), which is consistent with our biochemical characterization using a pulldown assay. Quantification of the relative intensity of CENP-T/HJURP demonstrated that CENP-T is efficiently recruited to Lac-O site-bearing C-terminal HJURP (Fig. 3E) .
Because dimerization of HJURP is essential for loading CENP-A to the centromere, we then evaluated whether the dimerization domain of HJURP influences its physical interaction with CENP-T. Consequently, we constructed a dimerization-deficient HJURP plasmid by removing amino acids 554 -614 from the C-terminal HJURP, as reported previously (42) . The construct was designated GST-HJURP 401-748 -DE-Di, and purified protein was used as an affinity matrix ( 
HJURP binding-deficient mutant CENP-T 6L failed to localize correctly
Because HJURP is essential for CENP-A loading, and its dimerization domain plays an important role in centromere loading (42), we sought to evaluate whether CENP-T-HJURP interaction is essential for loading CENP-T to the centromere. To manipulate the interaction between CENP-T and HJURP, we scanned for mutations in the histone fold domain of CENP-T, which compromises CENP-T binding to HJURP, using molecular modeling. Our preliminary analyses suggest that mutation of DQVSLH to six Leu residues (CENP-T 6L ) in the histone fold domain perturbed the interaction of CENP-T with HJURP (Fig. 4A ). To assess whether the aforementioned mutation alters the interaction of CENP-T with HJURP in cells, aliquots of 293T cells were transiently co-transfected to express FLAG-HJURP and GFP-CENP-T WT or FLAG-HJURP plus GFP-CENP-T 6L . Transfected cells were subjected to immunoprecipitation using anti-FLAG M2 affinity beads. Western blot analyses show that FLAG-HJURP efficiently brought down WT GFP-CENP-T ( To evaluate the binding activity of the CENP-T 6L mutant to HJURP, aliquots of GST-HJURP were used as an affinity matrix to absorb recombinant CENP-T WT and mutants. MBP-CENP-T was fully retained on the GST-HJURP beads (Fig. 4C , lane 5), whereas the MBP-CENP-T 6L mutant failed to be retained on the GST-HJURP affinity matrix (Fig. 4C, lane 6 ). Because CENP-T forms a functional dimer with CENP-W, we sought to examine whether the mutant CENP-T 6L alters its interaction with CENP-W. CENP-W binding to CENP-T was not altered by the histone fold mutation (Fig. 4D , lanes 5 and 6). (7 h). Then the synchronized cells were lysed, and clarified cell lysates were incubated with FLAG-agarose. The beads were washed and boiled in 1ϫ SDS-PAGE sample buffer prior to electrophoresis. Results were analyzed by Western blotting with the indicated antibodies. Each blot was cut around the expected band and is presented with molecular weight information. PCNA, proliferating cell nuclear antigen. B, HJURP interacts directly with CENP-T in vitro. GST-tagged HJURP recombinant protein bound on GSH-agarose beads was used as an affinity matrix to isolate MBP-CENP-T purified from bacteria. Results were analyzed by anti-MBP blot. C, top panel, schematic of the experimental preparation of cell extract. Synchronized HeLa cells were lysed at various hypotonic NaCl concentrations, and the supernatant was separated by centrifugation (1,000 ϫ g, 5 min). The remaining fraction was further treated with DNase I. Bottom panel, HJURP antibody and IgG were incubated with supernatant and pellet fractions for 1 h, and then protein A/G was added to the incubation for another 1 h. Western blotting showed that HJURP interacts with CENP-T in both the supernatant and pellet in vivo. IP, immunoprecipitation. D, HJURP KO plasmid pools were transfected into HeLa cells. Seventy-two hours after transfection, HeLa cells were fixed, followed by a standardized immunofluorescence staining protocol for CENP-A (green), ACA (red), GFP (purple), and DNA (blue). Representative images were collected from three independent experiments and are presented. Scale bar ϭ 5 m. E, statistical analyses of CENP-A centromere localization level under efficient HJURP knockout. Over 25 cells were tested in each category from three independent preparations. Data represent mean Ϯ S.E. Statistical significance was tested by two-sided t test. **, p Ͻ 0.01. F, HJURP KO plasmids were transfected into HeLa cells, and centromere localization of CENP-T was analyzed using the indicated antibodies. As indicated, HJURP has a critical role in CENP-T centromere localization. CENP-T, green; ACA, red; GFP, purple; DNA, blue. Scale bar ϭ 5 m. G, statistical analysis of CENP-T centromere localization level upon HJURP knockout. Over 25 cells were tested in each category from three independent preparations. Data represent mean Ϯ S.E. Statistical significance was tested by two-sided t test. **, p Ͻ 0.01. mere is about 15.3% Ϯ 0.3% of CENP-T WT (Fig. 4F) . Thus, we conclude that the histone fold domain of CENP-T is essential for its interaction with HJUTP, as the CENP-T 6L mutant failed to localize to the HJURP foci in U2OS cells.
CENP-T deposition in the cell division cycle
If HJURP specifies CENP-T to the centromere via its interaction with the CENP-T histone fold domain, then suppression of the endogenous CENP-T level would enable us to test whether GFP-CENP-T 6L remains localized to the centromere or other structures. To this end, we carried out siRNAmediated CENP-T knockdown, followed by transfection of WT and GFP-CENP-T 6L . As shown in Fig. 4G , the endogenous CENP-T protein level was minimized, whereas exogenously expressed WT and mutant GFP-CENP-T 6L were at the same level of endogenous CENP-T. We next sought to examine whether WT and mutant GFP-CENP-T 6L localize to the centromere. As illustrated in Fig. 4H , HeLa cells were first transfected with siRNA, followed by a second transfection of WT and mutant GFP-CENP-T 6L . Transfected cells were then exposed to nocodazole for 16 h to synchronize cells at mitosis. Mitotic cells were then collected by shake-off, followed by relocation into a new plate. These transfected and treated cells were released for 3 h (now G 1 phase) before fixation. As shown in Fig.  4H , WT GFP-CENP-T expressed in the nucleus as characteristic double dots where the localization was superimposed onto that of ACA labeling, indicating that exogenously expressed GFP-CENP-T is located at the centromere. However, GFP-CENP-T 6L diffused in the nucleus with a high background, indicating that the HJURP binding-deficient mutant failed to load CENP-T onto the centromere in early G 1 (Fig. 4H) . In addition, GFP-CENP-T 6L was largely absent from the centro- More than 25 cells were tested in each category from three independent preparations. Data represent mean Ϯ S.E. Statistical significance was tested by two-sided t test. ***, p Ͻ 0.001. G, GFP-CENP-T WT and GFP-CENP-T 6L were transfected into HeLa cells depleted of endogenous CENP-T. Cells were collected 48 h after transfection and analyzed by Western blotting using the indicated antibodies. A tubulin blot served as a loading control. H, GFP-CENP-T WT and GFP-CENP-T 6L were transfected into HeLa cells depleted of endogenous CENP-T, followed by treatment as indicated in the flow chart. The centromere was labeled red using ACA, whereas exogenously expressed CENP-T (WT and mutant) were labeled green. DNA was stained with DAPI (blue). Scale bar ϭ 5 m.
mere in mitotic cells, whereas WT GFP-CENP-T localized to the centromere of mitotic cells (Fig. S4, A and B) . Thus, we conclude that HJURP is required and sufficient for loading CENP-T to the centromere and its stable deposition.
Overexpression of the CENP-T 6L mutant perturbed chromosome segregation
Recent studies from The Cell Genome Atlas project indicate that chromosome instability is a common feature of solid tumors and that chromosomes 15 and 18 are more frequently gained and lost during tumorigenesis (49) . To test whether perturbation of CENP-T loading alters specific chromosome segregation, we sought to examine the function of CENP-T in chromosome 15 and 18 segregation. Chromosome 18 is highly unstable and often lost in gastrointestinal tumors, whereas chromosome 15 is relatively stable (49) . Karyotype analyses indicated that HeLa cells typically contain 82 chromosomes, and our preliminary studies show that centromeres of chromosomes 15 and 18 appeared as four to six points in G 1 phase and eight to 12 points in G 2 phase (Fig. S5A) .
FLAG-CENP-T WT and FLAG-CENP-T 6L mutants expressed at comparable levels in HeLa cells depleted of endogenous CENP-T. Western blot analyses showed that the endogenous CENP-T was suppressed to 15% of the control, whereas exogenous FLAG-CENP-T WT expression was comparable with that of the endogenous level.
Next, we tested whether suppression of CENP-T affects chromosome segregation accuracy. To this end, aliquots of CENP-T knock-down HeLa cells were transiently transfected with mCherry-H2B and Cen15 or Cen18, followed by real-time imaging. Surprisingly, suppression of CENP-T resulted in chromosome misalignment, which mainly occurred on chromosome 15 and chromosome 18, as indicated by centromere markers (Fig. 5C) .
Because centromeric localization of CENP-T 6L was dramatically impaired, we co-transfected mCherry-H2B, Cen15 or Cen18, and FLAG-CENP-T WT or FLAG-CENP-T 6L into CENP-T-deficient cells to attempt restoration of CENP-T expression and accurate chromosome segregation. As shown in Fig. 5D , expression of WT but not mutant FLAG-CENP-T 6L restored chromosome misalignment induced by CENP-T knockdown. Quantitative analyses showed that chromosome misalignment mainly occurred on chromosomes 15 and 18 ( Fig. 5E) , suggesting a context-dependent function of CENP-T at different chromosomes.
Discussion
Faithful segregation of the genome depends on the functional centromere, which is built on the CENP-A nucleosome and connects with spindle microtubules via CENP-N/L, CENP-S/X-T/W, and NDC80 complexes. Given the crucial role of CENP-A in centromere specification, several lines of evidence have demonstrated that accurate Mis18␤-HJURP interaction provides temporal regulation of CENP-A incorporation into the centromere (16, 36 -43) . Recent studies have delineated the structural basis underlying CENP-N recognition of the CENP-A nucleosome (19, 20, 50) . However, how CENP-S/X-T/W is recruited and assembled onto the centromere remains elusive. Here we uncover the molecular mechanism by which HJURP recruits CENP-T to the centromere.
Although exciting progress has been made toward a better understanding of centromere architecture and interdependence of centromere protein complexes (16, 18, 34, 36, 38) , the molecular mechanisms underlying CCAN assembly and their regulation during cell division cycle remain elusive. In particular, very little is known about the respective mechanisms underlying the assembly and disassembly characteristics of the CCAN. In this study, we characterized and established HJURP as a novel assembly factor responsible for accurate CENP-T loading and chromosome segregation. Early studies have established HJURP as CENP-A chaperone and its assembly in early G 1 (36 -37) . The N-terminal region of the CenH3 ␣2 helix is sufficient for specific recognition by the chaperone in both budding yeast and humans (50 -53) . However, there is no evidence that shows how HJURP interacts with CENP-A in the cytoplasm. During the preparation of this revision, Foltz and coworkers (54) reported that HJURP is required for centromeric CENP-A nucleosome inheritance. Using auxin-induced degradation of HJURP, they also revealed the requirement of HJURP for CENP-T stable localization at the centromere, which supports our finding.
It is worth noting that the relative level of CENP-T at the centromere was increased from G 1 to G 2 phase, whereas the intensity level of CENP-A at the centromere exhibited no significant change from G 1 to G 2 phase. The cellular reservoir of CENP-T, CENP-A, and HJURP is composed of cytoplasmic and nuclear pools, and earlier studies have reported potential dilution of CENP-A intensity at the centromere in S phase (37, 41) . However, a follow-up characterization from the same group indicated that the CENP-A level is not quantitatively diluted in S phase (55) . Our biochemical characterization and immunofluorescence analyses are consistent with this study (55) . Future spectral imaging analyses will provide quantitative and precise measures of spatiotemporal interactions between CENP-A-HJURP and CENP-T-HJURP and dynamic partition of CENP-A/CENP-T in the nucleus, cytoplasm, and centromere during the cell division cycle. Despite our demonstration of a physical interaction between CENP-T and HJURP, the current study does not delineate how HJURP distinguishes CENP-T from CENP-A. Therefore, in the future, it would be of great interest to illustrate how HJURP recognition of CENP-T and CENP-A is determined and regulated by the cell cycle machinery. Because CENP-T forms a functional complex with CENP-W, it would be of great importance to ascertain whether the CENP-T/ CENP-W heterodimer is formed at the centromere after individual loading or assembled onto the centromere as a functional heterodimer during the loading process.
Based on our characterization, we propose that HJURP binds to CENP-T both in the cytoplasm and in the nucleus in interphase cells. Recent work from Cheeseman and co-workers (29) demonstrated that the function of CENP-T is regulated by CDK1 kinase activity in mitosis for outer kinetochore connection and spindle plasticity control, which is consistent with our observation of CENP-T activity dynamics during the cell division cycle. Future work will be directed to the structural basis underlying HJURP recognition of CENP-T and how the molec-
CENP-T deposition in the cell division cycle
Cleveland and co-workers (56) have revealed that missegregation of chromatin into micronuclei results in DNA damage and chromosome rearrangement. However, the underlying molecular mechanism remains poorly understood, partially because chromosome mis-segregation into micronuclei appears to be random. A recent study showed that induced CENP-A deficiency resulted in Y centromere inactivation and mis-segregation of the Y chromosome (56) . Our study demonstrated that gross suppression of CENP-T resulted in perturbation of chromosome 15 and 18 alignment, which supports the notion that chromosome stability of individual chromosomes in cell division varies. Although in this study we did not carry out an extensive characterization of chromosome stability of all chromosomes, we demonstrated a tight link between chromosome stability and centromere integrity. It will be of great interest to see how chromosome instability phenotypes such as chromothripsis and anaphase chromatin bridges differ and whether CENP-T depletion will result in chromothripsis of chromosome 15 and 18. In conclusion, we demonstrated that HJURP governs both CENP-A and CENP-T centromeric deposition in a spatiotemporally regulated manner and provided a new mechanism of how HJURP orchestrates CENP-T and CENP-A during S and early G 1 phase, respectively. Precise assembly of functional CCAN complex and centromere machinery is critical to ensure robust kinetochore-microtubule attachment for accurate chromosome segregation in mitosis. Thus, the evolutionarily conserved HJURP-CENP-T interactive network may serve as a novel sensor of kinetochore-spindle attachment for accurate mitosis from yeast to humans.
Experimental procedures
Cell culture
HEK293T cells and HeLa cells from the ATCC (Manassas, VA) were maintained as subconfluent monolayers in advanced Dulbecco's modified Eagle's medium (Gibco) with 10% fetal bovine serum (Hyclone) and 100 units/ml of penicillin plus 100 g/ml of streptomycin (Gibco).
Plasmid construction
GFP, FLAG, and GST-tagged HJURP, full-length and truncations, were constructed as described previously (40) . Bacterially expressed constructs of CENP-T, full-length and truncations, were ligated into the pMal-C2 vector (New England Biolabs). Bacterially expressed constructs of CENP-W were cloned into pGEX-6P-1 (GE Healthcare). All plasmid constructs were sequenced for verification.
siRNA treatment
The siRNA sequence (5Ј-CGGAGAGCCCUGCUUGAAA-3Ј) used for silencing CENP-T was synthesized by Qiagen. As a control, a scramble sequence was used. All siRNAs were transfected into cells using Lipofectamine 3000 for 48 h, and the knockdown efficiency was assessed by Western blot analysis.
Antibodies
The following antibodies were obtained from commercial sources: anti-CENP-T antibody (Abcam and gifts from Dr. Iain Cheeseman), anti-HJURP antibody (CST), anti-proliferating cell nuclear antigen antibody (CST), anti-CENP-A antibody (CST), anti-Cyclin B antibody (CST), anti-H3 antibody (CST), anti-Aurora-B antibody (CST), anti-GFP antibody (BD Biosciences), anti-MBP antibody (Sigma), and anti-tubulin antibody DM1A (Sigma). FITC-conjugated secondary antibodies (Pierce) and rhodamine-phalloidin (Invitrogen) were obtained commercially.
HJURP Knockout
The HJURP CRISPR knockout plasmids (Santa Cruz) were transiently transfected into HeLa cells using the Lipofectamine protocol, and efficient knockdown was achieved 72 h after transfection. The efficacy and knockout specificity were judged by Western blot analyses.
Expression and purification of recombinant proteins
Purification of recombinant proteins was carried out as described previously (10) . Briefly, the soluble GST fusion proteins from the bacterial cell lysates were purified using GSHagarose beads (Sigma), whereas MBP-tagged proteins were purified using amylose beads (New England Biolabs).
Pulldown assay
Pulldown assays were carried out as described previously (40) . Briefly, the GST fusion proteins in the soluble fraction were purified from bacteria by GSH-agarose chromatography, whereas MBP-tagged proteins were purified using amylose . Over 25 cells were tested in each category from three independent preparations. Data represent mean Ϯ S.E. Statistical significance was tested by two-sided t test. ***, p Ͻ 0.001. D, HeLa cells were first transfected with CENP-T siRNA to knock down endogenous CENP-T. Twenty-four hours after siRNA transfection, cells were transfected to express reporters for Cen15/Cen18, mCherry-H2B, and FLAG-CENP-T (WT and mutant CENP-T 6L ). After another 24 h, live-cell imaging was carried out to follow chromosome segregation into anaphase. Images were acquired at the indicated time points (minutes). Note that control siRNA-treated cells progress into anaphase in 30 Ϯ 5 min, whereas depletion of CENP-T resulted in chronic arrest of mitosis, hallmarked by misaligned chromosomes 15 and 18. Scale bar ϭ 5 m. E, statistical analysis of misalignment for chromosomes 15 and 18 in four groups. More than 25 cells were tested in each category from three independent preparations. Data represent mean Ϯ S.E. Statistical significance was tested by two-sided t test. ***, p Ͻ 0.001. F, hypothetic model to account for the mechanism underlying CENP-T deposition during the cell division cycle.
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beads and then eluted by MBP elution buffer (10 mM maltose in PBS). Then GST fusion protein-bound GSH-agarose beads were incubated with purified MBP-tagged fusion proteins for 1 h at 4°C. After incubation, the beads were washed three times with PBS containing 0.2% Triton X-100 and once with PBS without Triton X-100 and then boiled in SDS-PAGE sample buffer. The bound proteins were separated on a 10% SDS-PAGE gel for Coomassie Brilliant Blue (CBB) staining or transferred onto a nitrocellulose membrane for Western blot analysis using anti-MBP antibody.
Immunoprecipitation
GFP-C1 vector-or GFP-tagged protein-expressing 293T cells were lysed in lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 0.1% Triton X-100) on ice. Lysates were clarified by centrifugation (12,000 rpm for 20 min at 4°C) and then incubated with GST fusion protein-bound GSH-agarose beads at 4°C for 3 h. After an extensive wash, the beads were boiled in SDS-PAGE sample buffer for 5 min, and the bound proteins were separated on a 10% SDS-polyacrylamide gel for transfer onto a nitrocellulose membrane for Western blot analysis using anti-GFP antibody as the primary antibody.
Immunofluorescence microscopy
Cells were seeded onto sterile, acid-treated, 12-mm coverslips in 24-well plates (Corning Glass Works) for transfection or drug treatment. Cells were rinsed for 1 min with PHEM buffer (100 mM PIPES, 20 mM HEPES, 5 mM EGTA, 2 mM MgCl 2 , and 4 M glycerol (pH 6.9)) and permeabilized for 1 min with PHEM plus 0.1% Triton X-100. Extracted cells were then fixed in freshly made 4% paraformaldehyde plus 0.05% glutaraldehyde in PHEM for 10 min and washed three times in PBS. Cells were blocked with 1% BSA (Sigma) for 50 min at room temperature and subsequently incubated with the indicated primary antibodies in a humidified chamber for 1 h at room temperature, followed by secondary antibodies for another 1 h. The DNA was stained with DAPI (Sigma). Images were captured by DeltaVision softWoRx software (Applied Precision) and processed by deconvolution and z-stack projection.
Deconvolution microscopy
Deconvolution images were collected using a Delta Vision wide-field deconvolution microscope system built on an Olympus IX-71 inverted microscope base. For imaging, a ϫ60/numerical aperture 1.42 PlanApo oil immersion lens was used, and optical sections were taken at intervals of 0.2 m. Images for display were generated by projecting single optical sections as described previously (40) .
Live-cell imaging
For live-cell imaging, HeLa cells were cultured in glass-bottomed culture dishes (MatTek). During imaging, cells were maintained in CO 2 -independent medium (Invitrogen) containing 10% fetal bovine serum and 2 mM glutamine in a sealed chamber at 37°C. Images of living cells were taken with a Delta Vision microscopy system and prepared for publication using Photoshop (Adobe).
Fluorescence intensity quantification
Quantification of the level of centromere-associated protein was conducted as described previously (8) . In brief, the average pixel intensities from at least 50 kinetochore pairs from five cells were measured, and background pixel intensities were subtracted. The pixel intensities at each kinetochore pair were then normalized against ACA pixel values to account for any variations in staining or image acquisition. The values of specific siRNA-treated cells were then plotted as a percentage of the values obtained from cells transfected with a control siRNA duplex.
Data analyses
Measurements and statistical analyses were calculated using Image J software (National Institutes of Health) and GraphPad Prism (GraphPad Software Inc.). Statistical significance was determined by Student's t test. Differences were considered significant when p Ͻ 0.05. 
